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Abstract
Photons may convert to axion-like particles (ALPs) in external magnetic fields. Under certain conditions, this effect should result in
irregular features in observed spectra of astrophysical sources. Lack of such irregularities in particular spectra was used to constrain
ALP parameters, with two most popular sources being the radio galaxy NGC 1275 and the blazar PKS 2155−304. The effect and,
consequently, the constraints, depend on the magnetic fields through which the light from the source is propagated. Here, we
revisit ALP constraints from gamma-ray observations of NGC 1275 taking into account the regular magnetic field of the X-ray
cavity observed around this radio galaxy. This field was not accounted for in previous studies, which assumed a model of purely
turbulent fields with coherence length much smaller than the cavity size. For the purely regular field, ALP constraints are relaxed
considerably, compared to the purely turbulent one. Similar arguments hold also for PKS 2155−304. While the actual magnetic
field around a source is an unknown sum of the turbulent and ordered components, the difference in results gives an estimate of the
theoretical uncertainty of the study and calls for detailed measurements of magnetic fields around sources used to constrain ALP
properties in this approach.
Keywords:
axion-like particles, cluster magnetic fields, gamma-ray spectra
1. Introduction
Pseudoscalar axion-like particles (ALPs; for a review, see
e.g. Ref. [1]) are common in various extensions of the Stan-
dard Model of particle physics. Their defining property is the
interaction with the electromagnetic field, allowing in particu-
lar for photon/ALP mixing in the external magnetic field [2].
Experimentally allowed values of the photon-ALP coupling are
however very low, which makes large-scale astrophysical en-
vironments a proper place to search for manifestations of this
interaction. The astrophysical searches include studies of stel-
lar energy losses, where indications to losses larger than pre-
dicted may be explained by interactions of ALPs, see Ref. [3]
for a review. In particular, cooling of helium-burning stars [4]
may suggest ALP-photon couplings just below the present lim-
its from the solar ALP searches by the CERN Axion Solar Tele-
scope, CAST [5]. The same range of couplings is favoured
by ALP explanations of possible “anomalous transparency” ef-
fects [6, 7, 8, 9, 10] in the propagation of energetic gamma rays
from distant sources [11, 12, 13, 14, 15, 16, 17] (for a short
review, see Ref. [18]). These studies are however very sensi-
tive to measurements of redshifts of the emitting sources, so the
significance of the observed effects remains uncertain [19] and
other ways to explore the relevant part of the ALP parameter
space are welcome.
Under certain conditions, photon-ALP mixing may result
in oscillatory features in the spectra of astrophysical photon
sources seen through regions filled with magnetic fields [20].
While precise shape of these irregularities and the photon ener-
gies at which they appear depend on the ALP parameters and
magnetic-field configurations, these features are not expected in
(otherwise smooth) astrophysical spectra. Lack of these irreg-
ularities in observed spectra might in principle be used to con-
strain ALP parameters, see e.g. Refs. [21, 22, 23, 24, 25, 26].
Several attempts to follow this way have been made in recent
years, exploiting the observed smoothness of X- and gamma-
ray spectra of strong emitters presumably embedded in astro-
physical magnetic fields. In particular, these included analy-
ses of gamma-ray observations of PKS 2155−304 [27, 28, 29],
NGC 1275 [30, 31] and several Galactic sources [32, 33, 34]
relevant for ALP masses ∼
(
10−9 − 10−7
)
eV (overlapping
with the range invoked for explanations of the “anomalous
transparency” effects). For lower ALP masses, X-ray obser-
vations of 3C 218 [35], the same NGC 1275 [36, 37, 38],
M 87 [39] and some other extragalactic sources [40] were used.
Refs. [32, 33] found some favorable ranges in the ALP pa-
rameter space, though with ALP-photon couplings above the
95% CL CAST upper limit. Other works put limits on the ALP
parameters which are often quoted on equal footing with other
astropysical and laboratory constraints [41]. The aim of the
present work is to demonstrate how much these constraints de-
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pend on the assumptions about magnetic fields involved and
how much they could change if different astrophysically moti-
vated field configurations are assumed.
As an example, we concentrate on the case of NGC 1275,
the central radio galaxy of the Perseus cluster and the most
popular target for the searches for spectral irregularities in the
ALP context [30, 31, 36, 37]. We briefly review these stud-
ies in Sec. 2 and emphasize that they use a theoretical model
of the magnetic field in the Perseus cluster, which is based on
observations of other clusters, because of the lack of relevant
observations in Perseus. This model assumes purely turbulent
magnetic fields. In the present study, we revisit these con-
straints taking into account large-scale ordered magnetic fields
which are expected to be present around giant radio galaxies
from the interaction between lobes and environment in clusters
[42, 43, 44, 45, 46]. Evidence for the regular magnetic fields
ordered at scales & 100 kpc have been found in several galaxy
clusters [47, 48], see also reviews [49, 50]. Possible presence
of the regular magnetic fields around radio galaxies is crucial
for the present consideration.
In Sec. 3, we concentrate on the magnetic field in the Perseus
cluster. Only two relevant observations of the Faraday rotation
have been reported in the literature: Ref. [51] gives a measure-
ment at the very center of the cluster, used in previous studies
[30, 31, 36, 37] to normalize the field strength at this point;
Ref. [52] presents a map of rotation measurements across the
cluster (not used in previous studies). We recall numerous ra-
dio and X-ray observations indicating the presence of an X-ray
cavity, or a radio mini-halo, around NGC 1275, consistent with
the lobe-environment interaction [53, 54, 55, 56]. An analytical
model of the regular magnetic field in such a cavity was pre-
sented (and supported by numerical simulations) in Ref. [57];
see also Refs. [58, 59] and especially [60] for more detailed
simulations. We use this analytical model as a proxy to the
regular field in the central X-ray cavity of the Perseus cluster,
consistent with rotation measurements of Refs. [51, 52], as well
as with X-ray observations of large-scale structures in Perseus
[61, 62] and corresponding simulations [63].
Next, in Sec. 4, we turn to the effect of the ordered mag-
netic field on the observed photon spectrum, and consequently
on constraints on the ALP parameters. As an example, we
readdress the case of NGC 1275 and Fermi-LAT data [30]. In
general, magnetic field in the cluster is the sum of regular and
turbulent components, and their various combinations can fit
scarce observational data. Since both components contribute
to the observed Faraday rotation, stronger regular field implies
weaker turbulent one. In particular, previous studies assumed
purely turbulent models; here we consider the opposite case
and assume a purely regular field, which is described in Sec. 3
and agrees with observations. Comparison of the results for
these two limiting cases gives an estimate of the theoretical un-
certainty of the constraints obtained in this way. We take the
spectrum used in Ref. [30] and demonstrate that, for the as-
sumed purely regular field configuration, the fits with and with-
out ALPs are equally good for a large part of the parameter
space, so that the resulting constraints on ALP parameters are
much weaker than those obtained in Ref. [30] for the opposite
case of purely turbulent field models. This is not surprising
because spectral irregularities are enhanced when the field ex-
tends to the scales much larger than its coherence length, see
e.g. Ref. [27]. Therefore, we expect a similar effect on other
constraints obtained in the same way.
In Sec. 5, we briefly discuss another gamma-ray source,
PKS 2155−304, which sits [64] in a small unnamed group of
galaxies. Recent observations [65] suggest that this group is
considerably smaller than it was assumed earlier, which might
imply lower and more regular magnetic fields and correspond-
ingly weaker constraints on ALP parameters.
In Sec. 6, we briefly reiterate our main conclusion: as it is il-
lustrated by examples of the Perseus cluster hosting NGC 1275
and of an unnamed group hosting PKS 2155−304, constraints
on the ALP parameters from the lack of irregularities in the
spectra of astrophysical sources are very sensitive to the as-
sumptions about magnetic fields surrounding the sources. In
particular, regular fields, which are expected to be present close
to these strong active galaxies, are very important. Detailed
studies of the magnetic fields are required to reduce the uncer-
tainties and to obtain firm limits on ALP parameters in this way.
2. Previous studies of NGC 1275 in the ALP context.
NGC 1275 is a radio galaxy located in the center of the
Perseus cluster. It is a bright X-ray and gamma-ray source.
Thanks to the intensity of the source, sufficient statistics could
be collected to obtain detailed spectra suitable for the search
for spectral features at high confidence level, which justified the
choice of this source as a target for several attempts to constrain
ALP parameters from the lack of irregularities in the spectrum.
In Ref. [30], Fermi-LAT collaboration analyses their data in
great detail, develops a statistical procedure and presents 95%
CL exclusion limits for ALP parameters. Authors of Ref. [31]
supplement Fermi-LAT data by published results of the MAGIC
observations of the same target [66] to extend the energy range
covered by the spectrum and, consequently, the excluded re-
gion in the ALP parameter space. Refs. [36, 37] used X-ray
spectra of NGC 1275 obtained by Chandra to constrain ALPs
with lower masses. In what follows, we will mainly refer to the
Fermi-LAT study [30] as an example, though the same logic is
fully applicable to other photon energy bands.
Measurements of astrophysical magnetic fields on galactic
and larger scales often rely on the Faraday rotation of the polar-
ization plane [49, 50]. The approach is not easy to implement
directly since it requires sources of polarized emission behind
the magnetic-field region, observed at different wavelengths λ
so that the typical λ2 dependence may be traced in the polariza-
tion angle. In addition, the outcome is the product of the longui-
tudinal component of the magnetic field and the electron den-
sity, integrated over the line of sight, so some additional infor-
mation and/or theoretical input are required to reconstruct the
magnetic-field structure and values; note in particular that the
other, transverse component of the field is relevant for the ALP-
photon mixing. Still, Faraday rotation measurements remain
the best available mean to reconstruct magnetic fields in galaxy
clusters. Sadly, these measurements for the Perseus cluster are
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very limited and do not allow to uniquely reconstruct the field
from observations. That is why a theoretical model of the mag-
netic field in the cluster was used in Refs. [30, 31, 36, 37], and
the real measurement in only one direction, towards the very
center of the cluster [51], was used to construct the model.
Following general considerations of Ref. [24], Ref. [30]
models the magnetic field in the Perseus cluster as purely turbu-
lent, with the maximal coherence length of 35 kpc. The model
used there is motivated by observations of clusters other than
Perseus since, for Perseus, no detailed data are available. The
model has 6 parameters, and reported ALP constraints corre-
spond to their fiducial values. While the effect of variations of
these parameters, one by one, on the resulting likelyhood of the
spectral fit was studied, see Fig. 7 of the Supplemental Material
of Ref. [30], none of the considered variations included a regu-
lar component. However, if a regular field component exists, it
contributes to the rotation measurement [51] so that the ampli-
tude of the turbulent component, and consequently the strength
of possible ALP-induced spectral irregularities, is smaller.
3. Regular magnetic fields in the Perseus cluster
In the center of the Perseus cluster, like in many other
clusters containing a large active galaxy, an X-ray cavity was
observed, spatially coinciding with the so-called radio mini-
halo [53, 54, 55, 56]. This cavity most probably is a result of
the interaction between outflows of NGC 1275 and the intra-
cluster gas. The X-ray cavity size, according to Chandra ob-
servations [55], is 93 kpc, while the radio mini-halo extends
slightly further [56]. Modelling [63] of the slashing cold front
in the Perseus cluster, see e.g. Ref. [62], indicates that the X-
ray cavity should be filled with relatively high magnetic field
to support the required pressure. This magnetic-field region is
seen on the rotation-measure map of the Perseus cluster [52]
and explains high values of the rotation measure observed in
Ref. [51] for the very center of the cluster.
For the X-ray cavities, blown by radio-galaxy jets in the
intracluster plasma, magnetic fields are expected to be regu-
lar at large scales. Ref. [57] suggests the following consistent
magnetic-field solution,
Br = 2 cos θ f (r1)/r21,
Bθ = − sin θ f ′(r1)/r1,
Bφ = α sin θ f (r1)/r1,
where
f = C (α cos(αr1) − sin(αr1)/r1) − F0r21/α2,
F0 = Cα2 (α cosα − sinα) ,
α is the lowest nonzero root of tanα = 3α/(3 − α2), r1 ≡ r/R
for the cavity radius R and C is the normalization constant de-
termined by the field value at r = 0. This analytical solution
is supported also by numerical simulations in Ref. [57]. In the
next section, we use this solution as a model of the regular field
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Figure 1: Longuitudinal, Br , and two transverse, Bθ and Bφ, components of the
magnetic field solution [57] for the X-ray cavity around NGC 1275.
in the X-ray cavity around NGC 1275, assuming the viewing
angle θ = 45◦ and the cavity radius of R = 93 kpc [55]. The nor-
malization of the field is chosen in such a way that the Faraday
Rotation Measurement of ∼ 7300 rad/m2 [51] for the central
direction is reproduced for the electron density derived from X-
ray observations [61]. This normalization gives the total field in
the center of 8.3 µG. The field components for the chosen line
of sight are plotted in Fig. 1.
We should note that the central X-ray cavity may be not the
only place in the Perseus cluster where fields ordered at large
scales are present. Ref. [52] discusses also an organised struc-
ture in the rotation-measure map on the ∼Mpc scales, possibly
associated [67] with a shock caused by the interaction of the
intracluster matter with intergalactic matter in the large-scale
structure filament, which may or may not be similar to the reg-
ular field structures observed in other galaxy clusters [47, 48]
under similar conditions. In addition, X-ray observations re-
veal [61, 62] large-scale (> 100 kpc) spiral structure around
NGC 1275, which also may host regular magnetic fields, like it
happens in our own Galaxy. We stress therefore that the struc-
ture of regular magnetic fields in the Perseus cluster is rich and
unknown, lacking explicit measurements. In the example in the
next section, we concentrate on the best-studied X-ray cavity
field only.
4. Example: ALP constraints from the Fermi-LAT spec-
trum of NGC 1275 for the X-ray cavity magnetic field
Consider now the interaction of the electromagnetic field Aµ
and the ALP field a described by the following Lagrangian,
L = −1
4
FµνFµν +
1
2
(∂a)2 − 1
2
m2a2 − 1
4
gaFµνF˜µν,
where Fµν is the electromagnetic stress tensor, F˜µν = 12 µνρλF
ρλ,
m is the ALP mass and g is the ALP-photon coupling constant.
The last term is responsible for axion-photon mixing in the ex-
ternal magnetic field [2], which in the adiabatic approximation
is most conveniently described in terms of the density matrix ρ
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obeying the equation
i
dρ(y)
dy
=
[
ρ(y),M(E, y)] , M= 1
2

0 0 −igBθ
0 0 −igBφ
igBθ igBφ m
2
E
 .(1)
For an initial unpolarized purely photon state,
ρ(0) = diag (1/2, 1/2, 0) . (2)
The probability to observe an unpolarized photon at a distance
y from the source is given by the sum ρ11(y)+ρ22(y) of the com-
ponents of the solution ρ(y) to Eq. (1) with the boundary con-
dition (2). Here, we assumed that the mixture of two transverse
states of photons and one state of ALP is propagating along the
direction y with the energy E, and kept only terms relevant for
the present study. The full expression for the matrix M can
be found e.g. in Ref. [14], but entries not shown in Eq. (1) can
safely be neglected for energies, fields and distances studied
here.
We use the magnetic-field model for the X-ray cavity around
NGC 1275 described in Sec. 3. We assume that effects of
the turbulent field in the outskirts of NGC 1275 are sublead-
ing, like it is normally assumed for our own Galaxy. For the
Milky-Way magnetic field, we use the BSS model of Pshirkov
et al. [68]. We assume the symmetry axis of the cavity field
to be co-oriented with the observed jets, position angle ≈ 147◦
(from North to East) in Galactic coordinates. The redshift of
NGC 1275 is only z = 0.018, so effects of pair production on the
extragalactic background light are negligible at the Fermi-LAT
energies. We assume a source of unpolarized photons in the
center of the X-ray cavity and solve Eqs. (1), (2) numerically
to obtain the probability to observe photons with a given en-
ergy at the Earth. Then, we concentrate on the Fermi-LAT data
for the EDISP3 event type shown in Ref. [30]. We convolve
the probability with the energy-dependent instrumental energy
resolution presented in Supplemental Material of Ref. [30] to
obtain the ratio of the observed photon spectrum to the emitted
one, which we call the spectrum modification factor. For illus-
tration, it is presented in Fig. 2 for benchmark values of ALP
parameters, m = 10−9 eV and g = 10−11 GeV−1.
Next, we follow the logic of Ref. [30] and find best-fit spectra
with and without ALPs and compare the quality of the fits. We
use the EDISP3 event type spectrum of NGC 1275 from Fig. 1
of Ref. [30]. While the actual emitted spectrum is unknown,
most of active-galaxy gamma-ray fluxes F(E) are perfectly fit
by the so-called log-parabola function,
F(E) = F0 (E/E0)−(α+β log(E/E0)) , (3)
where, following Ref. [30], we fix E0 = 0.53 GeV and keep
three parameters, F0, α and β, free. We then perform two inde-
pendent fits of the data, each with the free parameters: one by
the log-parabola spectrum (3) and another by the same function
multiplied by the spectrum modification factor for given values
of the ALP parameters. The fits are performed by the usual chi-
square minimization adopted to account for asymmetric statis-
tical errors [69]. Upper limits are treated as zero values with the
corresponding errors. This is a simplification compared to the
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Figure 2: Modification factor for the photon spectrum of NGC 1275: the prob-
ability to detect a photon with energy E from the source located in the center
of the X-ray cavity magnetic field in the presence of ALP with m = 1 neV,
g = 10−11 GeV−1, convolved with the Fermi-LAT energy resolution.
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Figure 3: Fermi-LAT spectrum of NGC 1275 [30] (data points) together with
two best-fit spectra: with (red dashed line) and without (green full line) ALPs
with m = 1 neV, g = 10−11 GeV−1.
procedure of Ref. [30], where the full likelyhood function based
on non-Gaussian distribution of errors was used; however, this
is sufficient for our purposes since we are interested in the best
fit only. For the same benchmark values of m = 10−9 eV and
g = 10−11 GeV−1, the two best-fit spectra are shown in Fig. 3 to-
gether with the data. The fit quality is determined by χ2 ≈ 115.9
for the fit without ALPs and χ2 ≈ 110.6 for the fit with ALPs,
for 114 degrees of freedom. We see that both fits are perfect,
and the effects of ALPs with the benchmark parameters cannot
be excluded for the regular field model used here, while they
are excluded at the 95% CL for the purely turbulent field model
in Ref. [30].
This fitting procedure was repeated for various pairs of ALP
parameters (m, g). The 95% exclusion contour in the (m, g)
plane was determined from the chi-squared distribution with
114 degrees of freedom, χ295 ≈ 139.9. This contour is shown in
Fig. 4 together with the exclusion region obtained in Ref. [30]
for purely turbulent fields. The difference between purely regu-
lar and purely turbulent cases is dramatic. Since the actual mag-
netic field around NGC 1275 is an unknown mixture of regular
4
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Figure 4: Exclusion regions (95% CL) on the plane of ALP parameters (m, g)
for purely regular (this work, hatched) and purely turbulent (Ref. [30], shaded)
magnetic fields around NGC 1275. The blue horizontal line represents the
CAST [5] 95% CL upper limit on g. Ref. [30] does not extend the exclu-
sion above the CAST limit. For the regular field considered here, all exclusion
regions are above the CAST limit. For a realistic combination of regular and
turbulent fields, the exclusion is somewhere in between, but one needs to know
magnetic fields around NGC 1275 in more detail to find where exactly.
and turbulent components, this difference gives an estimate of
theoretical uncertainties of the constraints.
5. Notes on PKS 2155−304
Another popular target for searches for irregularities in the
spectrum is PKS 2155−304, a bright blazar at the redshift of
z ≈ 0.116. Here, the situation is even worse since no single
measurement of Faraday rotation is available for lines of sight
close to this source, and ALP properties are constrained on the
basis of purely theoretical magnetic-field models. Indeed, for
instance, in Ref. [27] it was noted that the source belongs to
a small unnamed group of galaxies studied in Ref. [64]. Sub-
sequent observations of this group have revealed [65] that the
group is even smaller than it was assumed, having the virial
radius of Rvir ∼ 0.22 Mpc, virial mass Mvir ∼ 1.5 × 1013M
and only 12 identified group members. Only in a few cases
(not including this one), magnetic fields in such small groups
have been determined observationally, and these fields were
regular (see e.g. Ref. [70] and references therein), not turbu-
lent. Ref. [27] and follow-up studies, contrary, assume purely
turbulent magnetic fields with parameters inferred from obser-
vations of Coma (∼ 1000 members, Mvir ∼ 1.7 × 1015M,
Rvir ∼ 2.9 Mpc [71]) and Hydra (∼ 160 members, Mvir ∼
2 × 1014M, Rvir ∼ 1.6 Mpc [72]) clusters. While Ref. [27]
allows for variations of the magnetic-field model parameters,
it is unclear whether this purely turbulent field model can be
used for the small group containing PKS 2155−304. In any
case, constraints on ALP parameters obtained in this way de-
pend crucially on the assumed model.
6. Conclusions
Magnetic fields regular on large scales are expected to be
present around giant active galaxies, in particular around those
which are used to constrain ALP parameters from the lack of ir-
regularities in their spectra. Particular examples are NGC 1275
and PKS 2155−304, for which high-quality gamma-ray and X-
ray spectra are available. In this paper, we revisit constraints
from gamma-ray observations of NGC 1275 which assumed
purely turbulent magnetic fields around this giant radio galaxy.
We note that an X-ray cavity observed around the galaxy sug-
gests the presence of ordered magnetic fields and use a model of
the cavity field to study how the ALP constraints are changed
in the presence of regular fields. Assuming that the observed
Faraday rotation measurements are fully explained by the cav-
ity field, we obtain constraints much weaker than those obtained
in Ref. [30] for a purely turbulent field model, see Fig. 4. In
reality, the field is expected to include both components, and
actual constraints would lay somewhere in between, but unfor-
tunately the lack of magnetic-field measurements in the Perseus
cluster currently prevents one from disentangling the two con-
tributions. Similar arguments are applied to other sources, in
particular to PKS 2155−304, a blazar residing in a small group
of galaxies, for which no Faraday rotation measurements are
available.
While new observations of the same targets with sensitive
instruments like CTA [73] or ATHENA+ [74] will reduce sta-
tistical uncertainties in the spectra and are certainly welcome
for many reasons, uncertainties in the magnetic-field models
should first be removed by complementary observations. In
view of results of Ref. [52], Faraday rotation mapping of the
Perseus cluster looks a promising way to obtain better con-
straints on the magnetic field in the region where the lobes of
NGC 1275 interact with the intracluster matter. In addition,
sources embedded in magnetic fields better studied observation-
ally may be invoked for the search of irregularities, for instance
M 87 [39] and Galactic sources [32, 33, 34]. For certain val-
ues of ALP parameters, the transition to the regime of strong
mixing in the Galactic magnetic field may be observed or con-
strained also for extragalactic sources, cf. Ref. [31]. Note that
the relevant part of the ALP parameter space will be explored
by coming experiments, a purely laboratory instrument ALPS-
IIc [75] and helioscopes TASTE [76] and IAXO [77].
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